Interaction between dietary polyphenol and proteins including digestive enzymes may result in reduced digestibility of food macronutrients, thus lowering absorption of nutrients that contributing to high energy accumulation in human body. The objective of this study was to investigate the effect of grape seed polyphenol extract (GSPE) on the digestibility of starch, food lipid and food protein by digestive enzymes such as α-amylase, lipase, pepsin and trypsin. The digestion of each substrate was conducted at the optimal pH and temperature of specific enzyme. Bread containing different amount of grape pomace was used as a real food model and its digestion was conducted under simulated digestion condition. Concentrations of reducing sugar, fatty acid and amino acids in enzyme digested mixtures were determined as indicators of starch, lipid and protein digestions, respectively. Results indicate that GSPE significantly inhibited the digestion of starch, cooking oil and casein, but did not inhibit digestion of whey protein and egg white protein. Instead, the digestion of egg white and whey protein by trypsin was moderately enhanced in the presence of GSPE. However, under simulated human digestion condition, the grape pomace in the bread significantly reduced the digestibility of bread starch and protein.
Introduction


Obesity rates increased 82% globally and 100% in the Middle Eastern countries in since 1990. In 2014, more than 13% of world adults population were obese and 39% of adults aged 18 years and over were overweight [1] . More than one-third (34.9% or 78.6 million) of U.S. adults are obese [2] . Obesity is a major independent risk factor for developing the disease, and more than 90% of type 2 diabetics are overweight or obese. Raised BMI is a major risk factor for noncommunicable diseases such as cardiovascular diseases (mainly heart disease and stroke), type-2 diabetes, musculoskeletal disorders (especially osteoarthritis-a highly disabling degenerative disease of the joints) and some cancers (endometrial, breast, and colon) [3] . The health burden from high body mass indexes now exceeds that due to hunger [4] . Although many factors contribute to the obesity rate increase, diet is one of the major contributing factors. High calorie foods intake and less dietary fiber contribute to weight gain. Among the multiple risk factors underling the incidence and progression of obesity, diet is the main modifiable factor [5] [6] .
Major food components contributing to energy intake are carbohydrates (starch, disaccharides and monosaccharide), fat and protein [7] . Each of these components is essential to health but over consumption resulted in extra energy accumulation. From nutrition point of view, starch, disaccharides (sucrose, maltose and lactose), fat and protein must be digested and converted into simple sugar, fatty acids and amino acids before they can be absorbed through the intestinal wall. Reduced digestibility of these nutrients should result in reduced nutrient absorption which will be important for population who generally consume too much carbohydrates and fat. Polyphenols may play an important role in this aspect.
D DAVID PUBLISHING
Some polyphenols have been reported to have potential as weight control agents. For example, tea catechins were found to attenuate the development of obesity and fatty liver in mice fed a high fat diet [8] , and boost fat oxidation in humans [9] . Chronic administration of green tea decoction (GTD) in rat fed high-fat diet reduced body weight gain, circulating triglycerides and cholesterol and improved glucose tolerance in rat model [10] . It was also reported that grape seed extract reduced food intake in rats and energy intake in human [11] .
High polyphenol diets have been reported to inhibit the activities of gastric enzymes [12] . A range of berry polyphenols (e.g. flavonols, anthocyanidins, ellagitannins and proanthocyanidins) can inhibit protease activities at levels which could affect protein digestion in the gastrointestinal tract [13] . Polyphenol extracts of both red and white grape pomace selectively and significantly inhibits intestinal α-glucosidase and suppresses postprandial hyperglycemia in diabetic mice [14] . Polyphenols also affect sugar digestion and absorption [15] . These particular effects are unlikely to occur with regular Western human diets, which are characterized by a much lower polyphenol intake [16] . Many studies regarding the protein-polyphenol interaction have also been reported [17] [18] [19] [20] .
However, the effects of a mixture of polyphenols from grape pomace, the by-products of grapes generated during wine making, on the digestibility of food protein and lipid are rarely reported. In this study, the inhibitory effects of grape seed polyphenol extract GSPE on the in vitro digestibility of starch, food lipid (cooking oil) and some food proteins were evaluated. Bread was used as a real food model to study the influence of addition of grape pomace on the digestibility of starch and protein under simulated digestion condition. The reason of selecting bread as a food model is that bread is the most consumed food product worldwide and it can serve as an excellent vehicle to deliver the health benefits of grape pomace polyphenol to consumers. The effect of GP in bread on lipid digestion was not tested in this study because of the very low lipid content of bread.
Materials and Methods
Materials
Grape pomace (GP) was obtained from two wineries located in North Carolina, USA. α-amylase from a genetically modified strain of Bacillus licheniformis with activity of 17,400 unit/mg was purchased from ANKOM Technology (Macedon, NY); Pepsin from porcine gastric mucosa (837 Unit/mg protein, % protein = 15.8) and lipase (87 unit/mg solid) were purchased from Sigma Aldrich (St Louis, MO); and Trypsin from bovine pancrease (≥ 12,100 unit/mg protein) were purchased from Fisher Chemical (Fairlawn, NJ). Enzyme subtracts include corn starch and casein soy protein isolate egg white and whey protein were purchased from Fisher Scientific (Suwanee, GA). Chemical reagents includes Folin-Ciocalteu reagent (Sigma-Aldrich, Co., St. Louis. MO), dinitrosalicylic (DNS) Acid Reagent, potassium sodium tartrate, ninhydrin reagent solution (Fisher Scientific, Atlanta, NC) and amino acid standards leucine and proline (MP Biomedicals, Solon, OH).
Preparationo of Grape Seed Polyphenol Extract (GSPE)
Cabernet Sauvignon pomace was the source used for producing GSPE. The pomaces from Muscadine Noble, Muscadine Carlos, Cabernet Franc and Cabernet Sauvignon grapes were used for bread making. They were all obtained from two wineries located in North Carolina, USA. After drying in a vacuum oven overnight, the seeds were separated manually from peels and stems, then ground into powder. GSPE was extracted from Cabernet Sauvignon grape seeds using 70% ethanol. After removing ethanol by rotary evaporator, and then purified using the method described by [21] . The total polyphenol concentrations of purified extracts were determined by Folin-Ciocalteu micro-method using gallic acid as
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Enzymatic Hydrolysis of Corn Starch and Total Reducing Sugar Determination
Preparation of Corn Starch Solution (1%, w/v)
One gram (1.00 g) of corn starch (company, city State) suspended in 80 mL of DI water in a beaker, stirred and heated to nearly boiling on hot plate stir to let starch completely gelatinize and dissolve. After cooling to room temperature, the starch solution was transferred to 100 mL volumetric flask and the beaker was rinsed with DI water 3 times. The rinses were added to the flask to bring the total volume to 100 mL.
Enzymatic Hydrolysis of Starch
The starch solution was distributed into a set of 6 test tubes, each 10 mL. The precalculated amount of GSPE solution was added to the final polyphenol concentration of 0, 0.02, 0.04, 0.06, 0.08 and 0.1 mg/mL. The α-amylase was then added to the mixture to 8.7 U/mL. The tubes were then capped and incubated at 37 °C for 30 min to liquefy starch. When the liquefaction process was completed, the pH of starch solution was adjusted to 4.7 with 1N HCL to inactivate α-amylase. The starch hydrolysis experiment was conducted in triplicate.
Reducing Sugar Determination
The digestion of starch by alph-amylase produces glucose and maltose which are all reducing sugars. Therefore, total reducing sugar concentration in the digested starch solution was used as indicator of starch digestibility. The reducing sugar content of liquefied starch solution was determined by dinitrosalicylic (DNS) colorimetric method using glucose solutions as standards [23] . The analysis was conducted in triplicate. The glucose concentration in the starch hydrolysate was calculated using the calibration equation/standard curve developed using a set of glucose solutions.
Hydrolysis of Vegetable Oil by Lipase and Total Fatty Acid Determination
Enzymatic Hydrolysis of Food Lipid
Vegetable oil purchased from a local grocery store (Greensboro, NC, USA) was digested with lipase from porcine pancrease (Sigma-Aldrich, St. Louis, 87 U/mg solid) according to the procedure described by Serri and colleagues [24] . Briefly, a 250 mL conical flask was initially filled with 3 g of cooking oil and 30 mL of iso-octane solvent. A 30 mL of phosphate buffer solution, pH 7.5 (unless otherwise stated) was added into the conical flask so that the ratio of oil to aqueous (buffer solution) is 0.1. The precalculated amount of GSPE solution was added to the final GPE concentration of 0, 0.02, 0.04, 0.06, 0.08 and 0.1 mg/mL. To start the reaction, 0.3 g lipase (8.74 U/g oil) was added to flask and the mixtures were agitated in the orbital shaker at 45 °C for 30 min. The mixture formed two layers. Samples were withdrawn from the oil layer for total fatty acid analysis. The lipid hydrolysis experiment was conducted in triplicate.
Quantification of Total Fatty Acid in Digested Vegetable Oil
Total fatty acid in the hydrolyzed oil was used as indicator to evaluate the degree of lipid hydrolysis due to the action of lipase. The fatty acid was determined by titration of the oil phase samples with 0.1 M sodium hydroxide (NaOH). To each samples, 5 mL of the oil phase was dissolved in 5 mL ethanol: diethyl ether (1: 1, v/v) then titrated with 0.1 M NaOH in the presence of Phenolphthalein indicator. The amount of 0.1 M NaOH required to neutralize the acid was recorded. The fatty acid concentration was expressed as millimole/g oil. A blank titration was done using oil sample that did not go through digestion procedure for adjustment of free fatty existed in the original oil.
Hydrolysis of Food Proteins by Simulated Gastric Fluid (SGF)
Gastric Digestion of Food Proteins
This is to simulate the protein digestion in the stomach under strong acidic condition. SGF was 0.2% NaCl in 0.1N HCL without. Protein solutions (1%) of casein, egg white, soy protein isolate and whey protein were prepared by dissolving the proteins in GSF (pH 1.5). The GSPE was then added to a set of each protein solutions to the concentration of 0, 0.02, 0.04, 0.06, 0.08 and 0.10 mg/mL. Pepsin (Sigma-Aldrich, St Louis, MO, 243 U/mg protein, 36% protein) was added to each tube to 1.3 mg/mL (5.2 U/mL). After mixing, samples were incubated at 37 °C for 1 h, then adjusted to pH 8.0 using 6N HCL to inactivate pepsin. The protein hydrolysis experiment was conducted in triplicate.
Quantification of Amino Acid Concentration
Total amino acid content released due to protein hydrolysis was used as indicator of protein digestibility by gastric fluid. The total amino acid concentration was determined by Ninhydrin colorimetric method using leucine as standard [25] . Briefly, enzyme treated samples were diluted with pH 7.1 phosphate buffer, and 1.5 mL of diluted sample was mixed with 0.3 mL of ninhydrin solution in test tubes. The tube was then loosely capped and heated in 95 °C water bath for 7 min. After cooling to room temperature in a cold water bath, the absorbance of reaction mixture was recorded using a spectrophotometer at 570 nm. The amino acid concentration was calculated according to calibration equation developed using leucine as the standard, and expressed millimole/L. The protein hydrolysis experiment was conducted in triplicate.
Enzymatic Hydrolysis of Protein Using Trypsin
The hydrolysis of food proteins by trypsin was conducted at pH 7.8-8.0 to reflect the pH of food digestion in the small intestine. Protein solutions (1%) were prepared with pH 8.0 phosphate buffer. A set of capped test tubes were filled with a single protein solution (10 mL/tube). Precalculated volume of GSPE was then mixed with protein solutions to the GPE concentration of 0, 0.2, 0.4, 0.6, 0.8 and 1.0 mg/10mL. Trypsin powder was then added to each tube (1 mg/mL), gently mixed, and then incubated at 37 °C for 60 min. after incubation, the enzyme was inactivated by merging the tube in a 95 °C water bath for 15 min. The total amino acid released due to trypsin hydrolysis was determined by Ninhydrin colorimetric method using leucine as standard as described above. The hydrolysis experiment was conducted in triplicate. Sample contains 0% GSPE was used as control.
Simulated Digestion of Bread Containing Grape Pomace
To test the impact of polyphenol on the digestibility of starch and protein in food matrix, bread model was used. Bread samples were formulated with All Purpose wheat flour (Gold) and powdered grape pomace. Briefly, 5 and 10% of flour were replaced by grape pomace without changing other ingredients such as water, salt, sugar, yeast and shortening. The formulated dough was baked at 400 °C for 25 min and then cooled to room temperature on a rack. The bread was sliced and crust was removed. The inside part of bead was vacuum dried at 70 °C overnight, and then ground into powder. The bread without grape pomace was used as control.
Two grams of each dry bread sample was mixed with 8 mL of alpha amylase solution (8.7 U/mL, pH 5.8-6) in water bath shaker at 37 °C for 5 min. After adjusting to pH 2.0 with concentrated HCL, 5 mL of SGF containing pepsin 38.87 U/mL pepsin (1 mg/3 mL) was added and samples were incubated in water bath shaker at low speed for 1 h in the water bath shaker. The samples were adjusted pH to 7.8-8 with 10N NaOH, and trypsin (1 mg/mL) powder was added to each sample to 9 mg/g bread (equivalent to 12,100 u/g bread), and then incubated in the water bath shaker for 1 h. After the digestion was completed, The pH of samples were adjusted to 11 using 10N NaOH was added to inactivate enzymes. Samples were then centrifuged at 3,000 g for 15 min. Volumes of supernatant were recorded and the precipitates were discarded. Glucose and amino acid concentrations of
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supernatants were determined as described in 2.3 and 2.5.
Results and Discussions
Effect of GSPE on the Digestion of Food Starch
Starch is one of the most important dietary carbohydrates. Most dietary carbohydrate is digested in the upper gastrointestinal tract to monosaccharides by carbohydrase such as α-amylase and glycosidase. The digestibility of starch by α-amylase in the presence of GPE was evaluated by total reducing sugar production. Fig. 1 shows that the production of reducing sugar decreased linearly with increasing concentration of GPE (R2 = 0.98). This indicates that the digestibility of starch decreases is negatively associated with GSPE content in the diet. The reduced digestibility of corn starch should be caused by inhibitory effect of GSPE on α-amylase activity [14] . Their digestion, absorption and metabolism may be influenced by dietary polyphenols and their metabolites [25] . This function is very important in reducing sugar absorption for people who regularly consume large amount starch-based foods such as bread, cake and pasta because many studies have proven the direct relationship between sugar intake and obesity [26] .
The Effect of GPPE on the Enzymatic Digestion of Food Lipid
The effect of GSPE on the enzymatic digestion of food lipid (vegetable oil) was evaluated by the release of free fatty acids. Fig. 2 shows that the hydrolysis of food lipid by lipase was inhibited slightly by GSPE under the experimental condition. When GSP concentration in the lipid was 0.0-0.4 mg/10 mL, the production of fatty acid decreased with increasing GSP concentration near linearly or exponentially. This indicates that the activity of lipase was greatly inhibited. This is in agreement with the findings of [27] that berry polyphenols significantly reduced the activity of lipase. Strangely, when GSP concentration increased to 0.8 mg/10 mL, fatty acid concentration in the hydrolysis mixture increased again in this study. This might be caused by experimental error.
The Effect of GSPE on the Enzymatic Digestion of Food Proteins
Because the final digestion products of proteins that can be absorbed in human digestion system are amino acids (AA), the digestibility of protein by pepsin and trypsin in the presence of GSPE was evaluated by total amino acid concentration in the digestion mixture. In the case of pepsin digestion of food proteins, Fig.  3 shows that the total AA concentration of pepsin digested casein solution increased with increasing GSP concentration until GSP concentration reached 0.04 mg/mL; above 0.04 mg/mL, AA concentration decreased with GSP concentration. Interestingly, the AA concentration of SPI and egg white protein digesta increased gradually with increasing GSP concentration (Fig. 3) . The results indicate that GSPE inhibited the digestion of casein by pepsin, but not SPI and egg white protein. Which suggests the enzymatic activity of pepsin might not be inhibited. The reduced digestibility of casein might be caused by the strong complexation of casein with grape seed polyphenols at some cleave sites of pepsin which makes hydrolysis at these sites unavailable. The SPI and egg white protein might not form strong complex with GSP at the cleave site of pepsin. In addition, under high acidic condition, the effect of grape seed polyphenol on the activity of pepsin may not be very strong because acid hydrolysis might dominate the digestion.
In the case of trypsin digestion of food proteins, Fig.  4 shows that the AA concentration decrease with increasing concentration of GSP in casein and SPI solutions, whereas AA concentration increased with increasing GSP concentration in egg white and whey protein solutions. This indicates that the trypsin digestions of casein and SPI were inhibited by GSP, but the trypsin digestion of whey protein and egg white protein were accelerated by GSPE. Because the type and concentration of polyphenol and protease used in the all digestion experiments were the same, the difference in the effects of GSP on digestibility of different protein should be caused by the interactions between GSP and different proteins. The result implicates that the interactions of GSP with casein and SPI were stronger than the interactions between GSE and whey/egg white protein. Therefore, the method used for evaluating the inhibitory effects of GSP on the digestion of food proteins should consider both the inhibition of GSE on the protease and interactions between GSE and food proteins. Development of a better and reliable method is necessary for the study of protein digestibility in the presence of food polyphenols.
Effects of GSPE on Starch and Protein in Grape Pomace Fortified Bread
Because the composition and structure of real food in more complex, the impact of GSP on the digestion of food components in real food matrix may be different from the digestion of individual component alone by a single enzyme. Therefore, bread was used as a real food model to evaluate the effect of GSP on the starch and protein digestion. The grape pomace (GP) powder was used as source of polyphenols. Under simulated human digestion condition, the inclusion of GP in the bread formula significantly reduced the digestibility of bread starch and protein as indicated by the reduced release of reducing sugar and amino acids in the digested samples (Figs. 5 and 6 ). Regardless the cultivar of grape, the higher the GP content in the bread, the lower the reducing sugar content in the digested bread mixture (Fig. 5) , indicating the digestibility of bread starch decreased as GP content in the bread increasing. However, the digestibility of bread protein did not show GP dose dependent manner (Fig. 6 ). Adding 5% of Cabernet Sauvignon pomace significantly reduced the digestibility of bread protein, but increasing the GP content to 10% did not further reduced the protein digestibility. This is expected according to single enzyme digestion results discussed above because high GP content in the bread means high polyphenol concentration. In addition, the non-extractable polyphenols and dietary fiber in GP may also affect the digestion of food protein 
Inhibition of GSP on Starch hydrolysis
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Conclusions
The results of this study demonstrate that the presence of GSP strongly inhibited the digestion of food starch and lipid. The digestibility of starch and lipid decreased with GSP in dose dependent manner. This is very important in reducing energy absorption for people who regularly consume foods rich in starch and fat. The effects of GSP on the digestion of food protein are more complicated and vary with types of proteins. The mechanisms of GSP inhibiting the digestion of macronutrients may include the inhibition of digestive enzyme activity and the interaction between the macronutrients and polyphenol molecules which form complex compounds and make the enzyme cleaving site unavailable. The impacts of GSP on human nutrition include two different aspects. On one hand, the reduced digestibility of energy dense macronutrients such as starch and fat will benefit diabetic, obese and overweight people which have been a huge burden to health care system all over the world. On the other hand, the interaction of polyphenol-nutrient may reduce absorption of essential nutrients for growth and maintenance of health. This is undesirable for growing children and people who suffer from malnutrition. This study provides important information about the impact of GSE on the in vitro digestibility of major food nutrients. In vivo study is needed to further evaluate the overall impact of consuming food rich in GSP on the weight gain and general health of target population, for example, the obese population.
